Background/Aims: Although microRNA-301a has been reported to function as an oncogene in many human cancers, the roles of miR-301a in malignant melanoma (MM) is unclear. The present study aims to investigate the functional roles of miR-301a in MM and its possible molecular mechanisms. Methods: Quantitative real-time PCR (qRT-PCR) assay was performed to detect the expression of miR-301a in MM tissues, and analyze its correlation with metastasis and prognosis of MM patients. In vitro, miR-301a was ectopically expressed using overexpression and knock-down strategies, and the effects of miR-301a expression on growth, apoptosis, migration, invasion and chemosensitivity of MM cells were further investigated. Furthermore, the potential and functional target gene was identified by luciferase reporter, qRT-PCR, Western blot assays. Results: We showed that the expression of miR-301a was significantly upregulated in MM tissues, and upregulation of miR-301a correlated with metastasis and poor prognosis of MM patients. Transfection of miR-301a/inhibitor significantly inhibited growth, colony formation, migration, invasion and enhanced apoptosis and chemosensitivity in MM cells, while transfection of miR-301a/mimic could induce the inverse effects on phenotypes of MM cells. Luciferase reporter, qRT-PCR and Western blot assays showed that phosphatase and tensin homolog (PTEN) was a direct and functional target of miR-301a. It was also observed that the Akt and FAK signaling pathways were involved in miR-301/PTEN-promoting MM progression. Conclusion: Taken together, our study suggests that miR-301a may be used as a potential therapeutic target in the treatment of human MM.
Introduction
Malignant melanoma (MM) is a highly aggressive cancer with a high metastatic potential and rapidly increasing incidence around the world [1] . Currently, a wide surgical resection is the main curative treatment option for most MM cases with localized disease. However, for patients with advanced MM, the curative effects of conventional treatments including
Tissue samples
The 18 cases of benign melanocytic naevi (BMN) tissues and 46 cases of MM tissues used in this study were obtained from patients who underwent radical operations between January 2008 and Dec 2009. Approval from the institutional ethics committee and the patients' written informed consent were obtained before surgery. This study was approved by the Ethics Committee of the hospital. The written informed consents had been signed by all patients in advance. None patients had received any radiotherapy or chemotherapy prior to surgery. All tissues were snap frozen in liquid nitrogen, followed by storage at -80°C until use.
Transfection of oligonucleotides or plasmids
The miR-301a (miR-301a-3p) mimics (miR-301a/mimic) or inhibitor (miR-301a/inhibitor) and their negative control oligonucleotides (control/mimic or control/inhibitor) were obtained from GenePharma Co., Ltd (Shanghai, China). The plasmid vector (pMD/PTEN) expressing open reading frame of PTEN was purchased from Sino Biological Inc. (Beijing, China). The recombinant vectors were confirmed by the digestion analysis of restriction endonuclease and DNA sequencing. Transient or stable transfections were performed using Lipofectamine™ 2000 (Invitrogen, USA) according to the manufacturer's instructions.
Quantitative real-time PCR (qRT-PCR) assay
Total RNA from cells and tissues and was extracted with the TRIzol reagent (Invitrogen, USA) the PCR analyses were performed according to the MIQUE (minimum information for publication of quantitative real-time PCR experiments) guidelines [21] . The expression level of miR-301a were quantified by using miRNA-specific TaqMan MiRNA Assay Kit (Applied Biosystems) and expression of RNU6B (Qiagen, USA) was used as endogenous control [22] . For determining the expression of PTEN mRNA, total RNA was reverse transcribed to cDNA and qRT-PCR was performed as described previously and expression of GAPDH was used as endogenous control. The primers of PTEN and GAPDH mRNA for qRT-PCR detection were as follows: PTEN, forward: 5'-TAGAGGAGCCGTCAAATC-3'; reverse, 5'-ATCAGAGTCAGTGGTGTC-3'; GAPDH, forward: 5'-GGAAGGTGAAGGTCGGAGTCA-3'; reverse: 5'-GTCATTGATGGCAACAATATCCACT-3'. Each experiment was performed in triplicate.
Western blot assay
The cells were washed with prechilled PBS and solubilized in 1% Nonidet P-40 lysis buffer. Homogenates were clarified by centrifugation at 20,000×g for 15 min at 4°C and the protein concentration was measured by bicinchoninic acid protein assay kit (Pierce Biotechnology). Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). All the specific antibodies against phosphorylated AKT (p-Akt) (Thr308), total AKT, phosphorylated FAK (Tyr397) and (Tyr577), total FAK, Bcl-2, Bax, MMP-2 and 9 proteins were purchased from Santa Cruz Biotechnology (CA, USA) or Cell Signaling Technology (Beverly, MA, USA). The membranes were then incubated with a horseradish peroxidaseconjugated secondary antibody (Sigma, USA). Probing and detection of target proteins was performed by an enhanced chemiluminescence (ECL) assay.
MTT assay
The cell viability was examined by MMT assay as previously described [23] . In brief, the transfected cells were seeded into 96 well plates at 5.0 × 10 3 cells/well, and 20 μl MTT (5 mg/mL) was added and incubated for 4 h. Then, 150 μL of DMSO was added to each well to dissolve the precipitate. Optical density (OD) was measured at the wavelength of 490 nm. Each test was repeated in six wells and performed in triplicate.
Colony formation assay
The cells were placed in a fresh six-well plate (600 cells/well) and maintained in DMEM containing 10% FBS. After 14 days, cells were fixed with methanol and stained with 0.1% crystal violet. Visible colonies were manually counted and each experiment was performed in triplicate.
Flow cytometric analysis of apoptosis
The cells were collected and the apoptosis was detected using an Annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kit (BioVision, Mountain View, CA, USA) according to the manufacturer's instructions. Each experiment was performed in triplicate.
Wound scratch healing or transwell invasion assay
The cell migration or invasion was measured using wound scratch healing or transwell invasion assay as previously described [24] . Each experiment was performed in triplicate.
In vitro chemosensitivity assay
The single-cell suspensions were prepared and dispersed in 96-well plates. After incubation for 72 h with the cisplatin (CDDP) or adriamycin (ADR) compounds (Sigma, MO, USA), the 0.5 mg/mL of MTT solution (Sigma, USA) was added. Following incubation for 4 h, 100 µL of extraction buffer were added to each well. After an overnight incubation, absorbance at 490 nm was measured using a microplate reader. Each experiment was performed in triplicate.
Luciferase reporter assay
The MM cell line (A-375) was grown in a 48-well plate were co-transfected with miR-301a/mimic (or control/mimic) or miR-301a/inhibitor (control/inhibitor), and pLUC firefly luciferase vectors containing wild-type or mutant PTEN 3'-UTR sequence (PTEN/3'-UTR-wt or PTEN/3'-UTR-mut) using Lipofectamine™ 2000 (Invitrogen, USA) as previously described [25, 26] . Co-transfected with 48h post-transfection, the cells were lysed for measurement of luciferase activities using the Dual-Luciferase Assay kit (Promega, Madison, WI, USA) according to the manufacturer's instructions. Relative luciferase activity was calculated by normalizing the ratio of Firefly/Renilla luciferase to that of negative control-transfected cells.
Statistical analysis
All statistical analyses were performed using statistical software (SPSS17.0 for Windows; SPSS, Inc., Chicago, IL). Spearman correlation test was used for analyses of primary tumors. Survival probabilities were determined using Kaplan-Meier analysis and the significance of difference was analyzed by a log-rank test. Significance was accepted at P < 0.05. Data were expressed as mean ± SEM from at least three independent experiments.
Results

Upregulation of miR-301a correlates with MM progression
First, qRT-PCR was performed to detect the expression of miR-301a in 18 cases of BMN tissues and 46 cases of MM tissues. As shown in Fig. 1A , the relative expression level of miR301a in MM tissues was significantly higher than that in BMN tissues (P < 0.001). Also, it was found that the expression of miR-301a in MM tissues with metastasis (n = 24) was higher than that in MM tissues without metastasis (n = 22) (P < 0.01; Fig. 1B ). To further analyze the correlation of miR-301a expression with prognosis of MM patients, patients with values less than the median expression level in tumor tissues were assigned to the low-miR-301a The expression of miR-301a in MM tissues with metastasis (n = 24) is higher than that in MM tissues without metastasis (n = 22). C) MM patients with high-miR-301a expression (n = 28) show poorer prognosis than those with low-miR-301a expression (n = 18). U6 RNA was used as the internal control. Error bars indicate the standard deviation. Results represent the average of three independent experiments (mean ± SD). * P < 0.05 and ** P < 0.01.
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group (n = 18), whereas those with values more than the median expression level were assigned to the high-miR-301a group (n = 28). As shown in Fig. 1C , MM patients with highmiR-301a expression had poorer overall survival than those with low-miR-301a expression (P = 0.0127). These results suggest that upregulation of miR-301a may play a role in MM progression.
Effect of miR-301a expression on proliferation, colony formation and apoptosis in MM cells
To explore the functional roles of miR-301a in MM cells, SK-EML-1 or A-375 cell line was transfected with miR-301a/mimic (or control/mimic) or miR-301a/inhibitor (or control/ inhibitor), respectively. Then, qRT-PCR confirmed upregulation of miR-301a in SK-EML-1 cells transfected with miR-301a/mimic and downregulation of miR-301a in A-375 cells transfected with miR-301a/inhibitor, in comparison with control cells, respectively (P < 0.01; Fig. 2A) . First, the effect of miR-301a expression on growth of MM cells was determined by MTT and colony formation assays. Downregulation of miR-301a significantly reduced growth and colony formation in A-375 cells, while re-expression of miR-301a led to the increased capacities of growth and colony formation in SK-EML-1 cells (Fig. 2B-C) . Then, the effect of miR-301a downregulation on apoptosis of MM cells was also determined. It was found that transfection of miR-301a/inhibitor increased apoptosis of SK-EML-1 cells by was significantly higher that that in MM tissues (n = 46) (P < 0.01). (F) The relative level of PTEN mRNA expression in MM tissues with metastasis (n = 24) was significantly higher that that in MM tissues with no metastasis (n = 22) (P < 0.01). (G) The Spearman correlation indicated an inverse relation between miR301a and PTEN mRNA in the MM tissues (n = 46; r = -0.338; P = 0.026). Error bars indicate the standard deviation. Results represent the average of three independent experiments (mean ± SD). * P < 0.05, ** P < 0.01 and N.S, P > 0.05.
Identification of PTEN as a direct and functional target of miR-301a in MM cells
PTEN is one of the most frequently mutated tumor suppressors in human cancers including melanoma. The targets of miR-301a were predicted through at least three databases (Pictarget, miRBas and TargetScan), and PTEN was selected as a putative target, which was also recently reported in other cancers [20, 27] . The 3'-untranslated region (UTR) of PTEN gene stood out because of the presence of one evolutionarily conserved binding site (4483~4503nt) for miR-301a. To confirm whether miR-301a can bind to the 3'-UTR of PTEN mRNA, we performed luciferase reporter assay with a vector containing the putative PTEN 3'-UTR target site downstream of the luciferase reporter gene. Base pairing between miR301a and wild-type (wt) or mutant (mut) target site in the 3'-UTR of PTEN mRNA is shown in Fig. 5A . 48 hours after co-transfection of miR-301a/mimic (or control/mimic) or miR-301a/ increased in A-375 cells co-transfected with miR-301a/inhibitor and pMir-PTEN/3'-UTR-wt (P < 0.05), compared to controls. However, no changes could be observed in cells which were co-transfected with miR-301a/mimic and pMir-PTEN/3'-UTR-mut (P > 0.05) or with miR301a/inhibitor and pMir-PTEN/3'-UTR-mut (P > 0.05), compared to controls (Fig. 5B) . In addition, we performed Western blot assay to analyze the effect of miR-301a expression on PTEN mRNA and protein expression. Transfection of miR-301a/mimic led to the decreased expression of PTEN mRNA and protein in SK-EML-1 cells, while transfection of miR-301a/ inhibitor led to the increased expression of PTEN mRNA and protein in A-375 cells (Fig. 5C-D) . Next, we analyzed the expression of PTEN mRNA in MM tissues and its correlation with miR-301a expression. The relative expression of PTEN mRNA in MM tissues was significantly higher than that in BMN tissues (P < 0.01; Fig. 5E) , while the expression level of PTEN mRNA in MM tissues with metastasis was significantly lower than that in tissues without metastasis (P < 0.01; Fig. 5F ). Furthermore, the inverse correlation between miR-301a and PTEN mRNA expression in MM tissues could be testified by linear regression analysis (Spearman rank test r = -0.388; P = 0.026) (Fig. 5G) . Furthermore, we testified whether upregulation of PTEN can mimic the effects of miR-301a downregulation on phenotypes of MM cells. The A-375 cells were stably transfected with pMD/PTEN, and Western blot confirmed the upregulation of PTEN protein in A-375/PTEN, in comparison with A-375/control cells (P < 0.01; Fig.  6A ). Upregulation of PTEN significantly inhibited growth and colony formation, increased apoptosis and reduced the capacity of migration and invasion in MM cells (Fig. 6B-F) . Also, it could be observed that upregulation of PTEN significantly enhanced chemosensitivity of MM cells by inceasing chemotherapy-induced apoptosis (Fig. 6G-H) . From above data, it was concluded that PTEN was a direct and functional target of miR-301a in MM cells.
Akt and FAK signaling pathways are involved in miR-301a/PTEN-promoting malignant phenotypes in MM cells
It has been reported that activation of AKT and FAK signaling pathways plays critical roles in tumor growth and metastasis by regulating downstream signal molecules including Bcl-2, Bax, and MMP2/9. Meanwhile, PTEN can interact with AKT and FAK and inhibit their activity through their dephosphorylation [28] . We thus investigated whether Akt and FAK signaling pathways are involved in miR-301a/PTEN-promoting malignant phenotypes in MM cells. In this study, we showed that both miR-301a downregulation and PTEN upregulation in A-375 cells induced the decreased expression levels of phosphorylated AKT and FAK (p-Akt and p-FAK) and downstream proteins (Bcl-2, MMP-2 and MMP-9) and the increased expression level of Bax protein, but induce no changes in the total protein of Akt and FAK (Fig. 7A-B) . Likewise, we also found that transfection of miR-301a/mimic induced the increased expression levels of p-Akt, p-FAK, Bcl-2, MMP-2 and MMP-9 proteins and the increased expression level of Bax protein, but induced no changes in the total protein of Akt and FAK in SK-EML-1 cells (Fig. 7C) . More importantly, upregulation of PTEN reversed the changes of those proteins in SK-EML-1 cells induced by miR-301a/mimic (Fig. 7C) . Together these findings suggest that miR-301a promotes MM progression via activation of Akt and FAK signaling pathways by down regulating PTEN.
Discussion
MM is characterized by aggressive invasion, early metastasis, and resistance to existing chemotherapeutic agents, and its development and progression are driven by complex genetic and epigenetic alterations [29] . Therefore, a better understanding of the molecular mechanism will contribute to finding novel approaches for both diagnosis and treatment to improve the formidable prognosis of advanced MM patients.
Recently, genome-wide studies have shown that the human genome is pervasively transcribed and produces many thousands of regulatory non-protein-coding RNAs (ncRNAs), which are well recognized as versatile and effective regulatory molecules in a wide range of physiological and pathological processes, including tumorigenesis [30, 31] . Currently, ncRNAs include miRNAs, small interfering RNAs, PIWI-interacting RNAs and various classes of long ncRNAs. MiRNAs trigger mRNA degradation, stability or inhibition of translation by binding to specific target mRNA [32] . Accumulating evidence has suggested that dysregulation of miRNAs exerts an important role in MM progression by functioning as oncogenes or tumor suppressors [33] . Although many dysregulated miRNAs have been identified in MM, it is believed that there are still a large number of miRNAs uncovered and their unknown roles in MM progression need to be investigated. MiR-301a belongs to the miR-130 family, which is composed of miR-130b, miR-301a, and miR-301b. It has been reported that miR-130 family regulates the hypoxia response signal through the P-body protein DDX6 [34] . Also, the microRNA-130/301 family is reported to control vasoconstriction in pulmonary hypertension [35] . Dou and his colleagues showed that miR-301a mediates the effect of IL-6 on the AKT/GSK pathway and hepatic glycogenesis by regulating PTEN expression [36] . Also, miR-301a is reported to promote colorectal cancer cell growth and invasion by directly targeting SOCS6 [37] . Meanwhile, Egawa and his colleagues showed that the miR-130 family promotes cell migration and invasion in bladder cancer through FAK and Akt phosphorylation by regulating PTEN [38] . The current study focused on the functions of miR-301a and its molecular mechanisms in MM. Although Sand and his colleagues showed that miR-301a is upregulated in MM tissues, the correlations of miR-301a with metastasis and prognosis of MM patients are not investigated. Here, we showed that the expression level of miR-301a MM tissues with metastasis was higher than that in tissues without metastasis, suggesting that miR-301a may be a promoter in MM metastasis. Meanwhile, it was found that MM patients with high miR-301a expression showed poorer prognosis. However, whether the expression of miR-301 is an independent prognostic factor for MM patients still needs to be further analyzed in a larger case population. Next, we analyzed the effects of miR-301a expression on phenotypes of MM cells. Downregulation of miR-301a could significantly reduce the capacities of growth and colony formation and enhance apoptosis in MM cells, while upregulation of miR-301a induced the adverse effects in MM cells. These data suggest that miR-301a exerts growth-promoting effects in MM cells. As with other cancers, metastases occur when the MM is not caught in the early stages. Thus, understanding of the molecular mechanisms of MM metastasis is very meaningful. The correlations of dysregulated miRNAs with MM metastasis are also reported by other researchers. For example, miR-542-3p was reported to suppress invasion and metastasis by targeting the proto-oncogene serine/threonine protein kinase (PIM1) in melanoma [39] . Also, miR-382 was identified as a metastasis-suppressive microRNA in primary melanoma via regulation of actin regulators CTTN, RAC1, and ARPC2. Of course, MM metastasis is a complex process involving numerous changes of miRNAs [40] . In this study, we also showed that miR-301a promotes in vitro migration and invasion of MM cells. In future study, we will the effect of miR-301a on the in vivo metastasis of MM cells. In spite of highly effective new therapeutic strategies, chemotherapy still is an important treatment option for metastatic MM [41] . However, acquired chemoresistance is responsible for the therapeutic failure, thus there is an urgent need to delineate the underlying molecular mechanism of MM chemoresistance so as to identify novel therapeutic targets for this aggressive disease. Here, we showed that miR-301a downregulation could significantly increase the sensitivity of MM cells to CDDP or ADR by increasing chemotherapy-induced apoptosis. Likewise, miR-301a upregulation could reduce the sensitivity of MM cells to CDDP or ADR by decreasing chemotherapyinduced apoptosis. These data indicated that transfection of miR-301a/inhibitor might be a potential strategy for chemosensitization of MM.
It is well known that miRNAs exert their functions via target downregulation. Therefore, identification of gene targets is critical for functional characterization of miRNAs. Here, PTEN was identified as a putative target of miR-301a by three miRNA-target interactions online databases. PTEN is a phosphatase that removes phosphates primarily from lipids, and functions as a tumor suppressor gene that occupies a key position in regulating cell growth, apoptosis, metastasis, and chemo-radioresistance [42] . In malignant melanoma, epigenetic PTEN silencing without PTEN mutation has been reported [43] . Meanwhile, it was also reported that PTEN functions as a melanoma tumor suppressor by promoting host immune response [44] . Recently, the post-transcriptional regulation of PTEN by miR-301a was reported in Ewing's sarcoma and breast cancer [20, 27] . However, whether miR-301a functions in MM by targeting PTEN is unclear. The following experimental results of this study were summarised. First, luciferase reporter assays indicated that miR-301a could bind to the 3'-UTR of PTEN mRNA in MM cells. Second, transfection of miR-301a/mimic induced the decreased expression of PTEN mRNA and protein, while transfection of miR-301a/inhibitor induced the increased expression of PTEN mRNA and protein. Third, the expression of miR301a was negatively correlated with PTEN mRNA expression. Fourth, upregulation of PTEN could mimic the effects of miR-301a downregulation in MM cells. The above data indicated that PTEN was a direct and functional target of miR-301a in MM. PTEN is reported to down modulate signaling pathways that involve Akt and focal adhesion kinase (FAK) signaling pathways in tumor cells [45] . Here, we showed that both miR-301a downregulation and PTEN upregulation could reduce the expression of p-AKT and p-FAK proteins, which consequently led to downregulation of Bcl-2, MMP-2/9 and upregulation of Bax. Meanwhile, re-expression of miR-301a could induce adverse effects on those proteins in MM cells, and importantly, upregulation of PTEN could partially reverse the changes of those proteins induced by miR301a upregulation. Thus, activation of Akt and FAK signaling pathways might be involved in miR-301a/PTEN-promoting phenotypes in MM cells. The current study has several limits. First, the clinicopathological significance of miR-301a needs to be further analyzed. Second, the effects of miR-301a on the in vivo metastasis and chemosensitivity of MM cells remain to be testified in nude mouse xenograft model. Third, the other targets of miR-301a in MM need to be elucidated.
Taken together, this study indicated that upregulation of miR-301a correlated with metastasis and poor prognosis of MM patients. Functional assays showed that miR-301a promotes growth, migration, invasion and chemo resistance of MM cells via activation of Akt and FAK signals, at least partially by targeting PTEN. Therefore, miR-301a may be a potential molecular target for the treatment of human MMs.
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